Abstract--The past decade has seen tremendous advances in our understanding of the genetic factors influencing response to a variety of drugs, including those targeted at treatment of cardiovascular diseases. In the case of clopidogrel, warfarin, and statins, the literature has become sufficiently strong that guidelines are now available describing the use of genetic information to guide treatment with these therapies, and some health centers are using this information in the care of their patients. There are many challenges in moving from research data to translation to practice; we discuss some of these barriers and the approaches some health systems are taking to overcome them. The body of literature that has led to the clinical implementation of CYP2C19 genotyping for clopidogrel, VKORC1, CYP2C9; and CYP4F2 for warfarin; and SLCO1B1 for statins is comprehensively described. We also provide clarity for other genes that have been extensively studied relative to these drugs, but for which the data are conflicting. Finally, we comment briefly on pharmacogenetics of other cardiovascular drugs and highlight b-blockers as the drug class with strong data that has not yet seen clinical implementation. It is anticipated that genetic information will increasingly be available on patients, and it is important to identify those examples where the evidence is sufficiently robust and predictive to use genetic information to guide clinical decisions. The review herein provides several examples of the accumulation of evidence and eventual clinical translation in cardiovascular pharmacogenetics.
I. Introduction

A. Pharmacogenetics
There is significant interpatient variability in drug response, much of which has a genetic basis. Specifically, genotype can influence drug metabolism, drug transport, and a person's sensitivity to a drug. Pharmacogenetics involves applying DNA sequence data to predict drug response and to inform drug discovery and development. The term pharmacogenomics is generally considered a broader term referring to multiple genes affecting drug response, whereas pharmacogenetics refers to a more limited set of genes. However, the difference between the two is largely arbitrary, and for the purposes of this review and because in many cases we are discussing a single gene, pharmacogenetics will be the sole term used. To date, cardiovascular pharmacogenetics has predominately focused on genetic variants with implications for existing therapies. However, examples of pharmacogenetic application in cardiovascular drug discovery and development are beginning to emerge. The recent creation of the Encyclopedia of DNA Elements (ENCODE), which describes the biochemical functions of 80% of the components within the human genome, is expected to further our understanding of genetic contributions to cardiovascular drug pharmacokinetics and pharmacodynamics and lead to novel targets for drug development.
Among the earliest evidence of genetic influences of cardiovascular drug response in humans was the discovery that an inherited deficiency in protein C contributes to coumarin-induced skin necrosis (McGehee et al., 1984) . Over the past decade, scientists have made significant strides toward uncovering genetic determinants of response to a number of cardiovascular agents, and we are beginning to see genetic information enter the clinical arena to guide cardiovascular therapy decisions. The evidence supporting the clinical utility of genotype-guided therapy for clopidogrel and warfarin are farthest along at this point. However, the pharmacogenetic evidence is accumulating with statins, b-blockers, and other drugs.
B. Candidate Gene versus Nonbiased Approaches to Discovery in Pharmacogenetics
Candidate gene approaches to genetic discovery have been applied for many years, although in disease genetics, this approach has largely been unsuccessful, with the exception of certain metabolic traits, e.g., lipids, uric acid. Rather, the unbiased approaches to discovery, e.g., those used in genome-wide association studies (GWAS) have been much more successful in identifying genetic variants that can be replicated across studies and populations. In contrast, candidate gene approaches have been considerably more successful in pharmacogenetics, particularly when the candidate gene encodes a major drug metabolizing enzyme, drug transporter, or protein target for the drug. Unlike diseases where the exact mechanisms are not known in most cases, the major (or sole) protein responsible for a drug's action and the major drug-metabolizing enzymes and transporters are typically known and likely explain the greater success with candidate gene approaches in pharmacogenetics. In fact, the examples we discuss herein, CYP2C19 for clopidogrel, CYP2C9 and VKORC1 for warfarin, and SLCO1B1 for statins, were all first studied as candidate genes, with GWAS studies later confirming in all cases that these were the major genetic signatures for those respective drug responses. Although genetic variability in the major protein target or drug-metabolizing enzyme is not always associated with drug response, these are the protein categories in which there has been greatest success with a candidate gene approach in pharmacogenetics. It is also clear that GWAS can reveal novel discoveries (Tantisira et al., 2011) in pharmacogenetics, and moving forward, most discoveries in pharmacogenetics are likely to come from this nonbiased approach.
C. Opportunities for Personalized Medicine
On the basis of the results of large, randomized clinical trials, important advances have been made in recent years to define appropriate treatments for certain diseases. On the basis of results of such trials, expert consensus panels then develop consensus guidelines for the treatment of a given disease. Such guidelines exist for nearly all the major cardiovascular diseases (Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults, 2001; Chobanian et al., 2003; Mansia et al., 2007; Hunt et al., 2009; Kushner et al., 2009; Anderson et al., 2011; Catapano et al., 2011; Hamm et al., 2011; McMurray et al., 2012) . Since these guidelines are often based on data from large clinical trials, the same therapy is often recommended for all persons with a given disease, regardless of individual characteristics. Although these treatments are efficacious in overall clinical trial populations, there is no guarantee they will be safe or effective for an individual patient.
Personalized medicine takes into account the evidence base from clinical trials while also focusing on an individualized treatment approach, taking into account a variety of factors that are specific to the patient, including age, family history of disease, concomitant diseases, concomitant medications, lifestyle factors (e.g., smoking), among others. And increasingly, the term personalized medicine has been used to include the use of genetic information in arriving at an individualized or personalized treatment plan.
Pharmacogenetics offers the opportunity to predict drug response based on an individual's DNA and treat accordingly, or personalized medicine. This is happening with increasing frequency in guiding treatment of a variety of cancers, but such approaches are also possible within cardiovascular disease. For example, genotyping for cytochrome P450 (P450) 2C19 variants may inform the most effective antiplatelet therapy for an individual undergoing coronary artery stent placement. Genotyping may also be applied to predict risk for drug toxicity, such as risk for myopathy with statins. Eventually, it may be possible to apply pharmacogenetics on a broader scale to choose the best combination of drugs to treat complex diseases, such as heart failure; however, pharmacogenetics is still in its infancy in this regard. This review will focus on pharmacogenetic data that are currently being used to guide treatment in the clinical setting within the area of cardiovascular disease.
II. Implementing Pharmacogenetics in the Clinical Setting
A. Drug Labeling and Pharmacogenetics
Over the past decade there has been increasing focus from the Food and Drug Administration (FDA), European Medicines Agency (EMA), Pharmaceuticals and Medical Devices Agency in Japan (PMDA), and other regulatory agencies on the impact of pharmacogenetics on drug efficacy, safety, and pharmacokinetics (Lesko and Zineh, 2010; Zineh and Pacanowski, 2011) . Those at the FDA have sought to be leaders in the United States in this area by highlighting the potential clinical implications of genetic information while also hoping to advance use of genomics in drug development to help curb the attrition of drugs during late clinical trial phases. The FDA's efforts in pharmacogenetics began in the early 2000s, with requests to the pharmaceutical industry to submit genomic information (under a voluntary genomic data submissions program) and through evaluation of approved drugs that might warrant a label revision based on pharmacogenetic data. There are now over 110 drugs for which there is pharmacogenetic information in the FDAapproved label, with the majority discussing germline polymorphisms and the remainder focused on somatic mutations and responses to anticancer drugs. An updated listing of drugs with pharmacogenetic labeling can be found on the FDA website (www.fda.gov/Drugs/ ScienceResearch/ResearchAreas/Pharmacogenetics/ ucm083378.htm) and a quick reference to information on the FDA label, along with easy access to the FDAapproved label, can be found in the Drug Labels section of PharmGKB (www.pharmgkb.org).
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Various types of pharmacogenetic information are included in the FDA labels, ranging from information about the impact of genetic polymorphisms on pharmacokinetics of the drug to boxed warnings, the highest level of warning in the FDA label. Cardiovascular drugs are well represented on this list and include atorvastatin, carvedilol, clopidogrel, hydralazine, isosorbide dinitrate, metoprolol, prasugrel, pravastatin, propranolol, ticagrelor, timolol, and warfarin. As with other drugs, there is a range of pharmacogenetic information provided for these drugs, from a boxed warning on the clopidogrel label, informing clinicians of the effect of CYP2C19 genotype on efficacy, to the prasugrel label, which indicates that genetic variation in a variety of CYP enzymes, including CYP2C19, does not affect prasugrel's pharmacokinetics or its efficacy. The cardiovascular drugs also include those that had pharmacogenetic label revisions postapproval, including the very old drug warfarin, and those where the pharmacogenetic information was part of the new drug application and so the pharmacogenetic information was part of the original label at the time of approval (e.g., prasugrel, ticagrelor). Pharmacogenetic label revisions by the FDA have created controversy in some quarters [such as arguments that the FDA has been premature in their label revisions (Nissen, 2011) ] but have also helped to increase awareness of potential clinical implications of pharmacogenetics, thus advancing the movement toward clinical implementation for certain examples.
The EMA has also engaged in several activities related to pharmacogenetics, including formation of a Pharmacogenomics Working Party and publication of guidelines for pharmaceutical companies regarding pharmacogenetic methodologies for the evaluation of medicine products. Similar to the FDA, drug developers may seek advice related to pharmacogenetics through the Pharmacogenomics Working Party. The EMA also provides European Public Assessment Reports (EPARs), and some of these, including clopidogrel, contain pharmacogenetic information. Unlike the FDA, the EMA does not currently maintain a list of EPARs containing pharmacogenetic information. However, excerpts from some of the EPARs with pharmacogenetic information as well as access to the complete EPAR with the pharmacogenetic information highlighted are available through the Pharmacogenomic Knowledgebase (http://pharmgkb.org). The EMA labels appear alongside the FDA labels on the Pharmacogenomic Knowledgebase for an easy comparison between the two. Of note, many older drugs, such as warfarin, were never evaluated by the EMA, and as a result, drug labeling may vary by nation.
The PMDA in Japan has introduced a program that involves consultation with drug manufacturers to identify strategies for integrating pharmacogenetic biomarkers in the drug development process (Ichimaru et al., 2010) . Pharmacogenetic information has been added to the labeling for many drugs marketed in Japan. In fact, the majority of drugs with FDAapproved pharmacogenetic labeling also contain pharmacogenetic information in their PMDA-approved package insert (Otsubo et al., 2012) . However, in fewer instances is this information included in the warning or contraindication section of label. Cardiovascular agents comprise 9% of the agents in PMDA-approved pharmacogenetic labeling. There are also examples of cardiovascular drugs that have been relabeled to include genetic information in other Asian countries; however, pharmacogenetics in most Asian countries does not appear to have risen to a similar regulatory level as in Japan.
B. General Overview of Personalized Medicine through Pharmacogenetics
In the last one to two years there has been an increase in the number of institutional programs focused on clinical use of pharmacogenetic information to individualize (personalize) treatment regimens, but such an approach is far from new. For example, at St. Jude Children's Research Hospital, TPMT genotyping has been used to guide treatment with 6-mercaptopurine in patients with acute lymphoblastic leukemia for over a decade (Crews et al., 2011) . Many academic medical centers, including Mayo Clinic, have used CYP2D6 genotyping to guide treatment with antidepressants and antipsychotics since 2004 when the Amplichip received FDA approval and provided a clinically approved means for CYP2D6 genotyping (Mrazek 2010) . However, despite isolated examples like these, there generally has not been broad acceptance of pharmacogenetic testing in clinical practice. Many thought the addition of pharmacogenetic information to FDA-approved labels of certain drugs would spur the clinical use but this did not occur in a broad way. As a result, pharmacogenetics researchers began to investigate reasons behind lack of clinical implementation of pharmacogenetics, and there is now general agreement about many of the barriers to such implementation, which are summarized in Table 1 ( Lesko and Zineh, 2010; Crews et al., 2011; Johnson et al., 2012a; O'Donnell et al., 2012; Pulley et al., 2012) . These barriers include lack of knowledge among clinicians about pharmacogenetic data or uncertainty about how to interpret and act on pharmacogenetic information. There are also financial and logistical barriers, which include costs for genotyping and potential lack of reimbursement, remembering when to order the test, and logistical challenges if the turnaround time results in the genetic information being delivered after a decision about drug therapy or dose has been made. Some also argue that the level of evidence in pharmacogenetics is not sufficient to warrant clinical 990 implementation, based on the lack of robust randomized controlled trials documenting improved outcomes with a pharmacogenetic approach. Contrarily, there are others that argue there is a problem with "genetic exceptionalism," whereby genetic and pharmacogenetic test results are held to a higher standard than other diagnostic tests (Relling et al., 2010; Altman 2011) . In recognition of these barriers, investigators and clinicians at a variety of institutions have worked to overcome as many of them as possible (Crews et al., 2011; Johnson et al., 2012a; O'Connor et al., 2012a; O'Donnell et al., 2012; Pulley et al., 2012) . Overcoming barriers of knowledge requires education of physicians and other clinicians on pharmacogenetics, but it seems clear that this alone will not be sufficient. Incorporation of genetic information into clinical practice will also require electronic clinical decision support tools that help the busy clinician interpret the genetic test information and provide recommendations about what to do with the pharmacogenetic information. Many recent personalized medicine programs have adopted this facilitative approach (Crews et al., 2011; Johnson et al., 2012a; O'Donnell et al., 2012; Pulley et al., 2012) .
To help address issues of turnaround time and cost, many are also advocating a multigene, chip-based approach, such that genetic information is generated at a point of care and the genetic information remains available to guide drug therapy decisions over the course of the patient's life span (Crews et al., 2011; Johnson et al., 2012a; O'Donnell et al., 2012; Pulley et al., 2012) . Such an approach avoids the issue of turnaround time, because the data are available preemptively and it is more cost-effective than genotyping one single nucleotide polymorphism (SNP) or one gene at a time.
Evidentiary barriers are harder to address if the expectation is that pharmacogenetic information cannot be used in clinical practice unless there are randomized controlled trial data documenting the benefit of pharmacogenetic guided approaches. For clopidogrel and warfarin, such studies are ongoing, and the data should be available by the middle of this decade. However, many argue that if this high level of evidence is required in all cases, it will be impossible to use pharmacogenetics in all but a limited number of scenarios, because it is highly unlikely that such costly studies will be done routinely. In fact, many argue that such an approach is unnecessary, and rather the evidentiary bar should be that there is little likelihood for harm from a pharmacogenetic approach with some potential for benefit (Relling et al., 2010; Altman, 2011) . More specifically, it has been suggested that pharmacogenetics should be viewed as a tool to guide therapy, not dissimilar from use of serum creatinine to guide dosing of renally cleared drugs. Particularly in scenarios where there are acceptable alternatives or the genetic information is being used to guide dose, it has been argued that noninferiority should be sufficient (Altman, 2011) . In contrast, for situations where withholding therapy would be the outcome of the genetic test, then the level of evidence needs to be substantially higher. We will discuss examples from each of these below.
C. Cardiovascular Pharmacogenetics and Personalized Medicine
As noted above, consensus guidelines are important tools for establishing standards for treatment of disease, and cardiovascular diseases are considered by many to be the disease group with the largest body of evidence to guide treatment decisions (Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults, 2001; Chobanian et al., 2003; Hunt et al., 2009; Kushner et al., 2009; Anderson et al., 2011) . However, the "one size fits all" approach that can result from consensus guidelines fails to take into account the substantial interpatient variability that exists in responses to medications. In fact, there is significant interpatient variability in response to cardiovascular agents, including warfarin, clopidogrel, statins, and b-blockers, among others, with some patients deriving no benefit and other patients experiencing intolerable or serious adverse effects with these agents. In the absence of genetic data, it is often difficult to predict how a patient will respond to a certain cardiovascular agent, and this is where pharmacogenetics presents potential opportunities for individualizing care. In some cases, nongenetic biomarkers are useful to predict drug response and select therapy, as is the case with plasma renin activity (Olson et al., 2012) . However, for other diseases, including thrombotic disease, there is no reliable biomarker to predict drug response prior to drug administration. Furthermore, neurohormonal biomarkers may exhibit diurnal variation or changes with body position. Thus, there are advantages to using a biomarker that is not subject to such variation, such as genotype. Guidelines are helpful tools for assisting clinicians in interpreting the literature, and to address the absence of guidelines around clinical implementation of pharmacogenetics, the Clinical Pharmacogenetics Implementation Consortium (CPIC) was established in 2009 (www.pharmgkb.org/page/cpic). The objective of CPIC is not to recommend whether genetic testing should be conducted relative to a certain drug, but whether the data are sufficiently robust to use genetic information to guide therapy if the genetic data are available (Relling and Klein, 2011) . The working premise for this group is that increasingly large amounts of genetic information will be available on patients, and soon the question will no longer be "should I order a pharmacogenetic test" but rather "I have the genetic data; should I use it to influence what I do clinically." The CPIC guidelines are one line of evidence that some of the most robust cases for clinical implementation of pharmacogenetics come from the cardiovascular drugs. As of October 2012, CPIC has published six sets of pharmacogenetics guidelines, and three of these are for cardiovascular drugs (clopidogrel, warfarin, and simvastatin). This review focuses on the pharmacogenetic data for these three cardiovascular agents that are currently considered by CPIC to be clinically actionable. We also highlight examples of commercially available pharmacogenetic testing for which the data supporting its use are questionable.
III. Clopidogrel Pharmacogenetics
A. Clopidogrel Metabolism
Clopidogrel is a thienopyridine antiplatelet drug used in patients after an acute coronary syndrome or percutaneous coronary intervention to prevent future cardiovascular events. It works by binding to the platelet purinergic P2Y12 receptor and irreversibly inhibiting adenosine diphosphate-mediated platelet activation and aggregation for the life of the platelet (~10 days) (Fig. 1 ). In the United States in 2011, clopidogrel was the number two selling drug among all prescription drugs by dollars ($6.8 billion) and number six by prescriptions (28 million), making it a major drug in the treatment of cardiovascular disease.
Clopidogrel is a prodrug and undergoes rapid metabolism primarily (approximately 85%) by carboxylesterase 1 to an inactive metabolite. The activation of clopidogrel is largely mediated by various cytochrome P450 enzymes, as shown in Fig. 1 , in a two-step enzymatic activation process. The first activation step is thought to be mediated largely by CYP2C19, CYP1A2, and CYP2B6, generating the intermediate metabolite 2-oxo-clopidogrel. This is followed by metabolism to the active metabolite, for which CYP3A, CYP2C19, CYP2B6, and CYP2C9 are involved (Kazui et al., 2010; Sangkuhl et al., 2010; Floyd et al., 2012) . Genetic studies suggested a role for paroxonase 1 in the metabolic activation, but more recent studies have called this into question (see details below).
B. CYP2C19 Genetic Polymorphisms
That genetic polymorphisms contribute to interpatient variability in drug metabolism via CYP2C19 was first recognized in 1994 (de Morais et al., 1994) . That the common loss of function polymorphism (*2) for CYP2C19 was an important determinant of clopidogrel effect was not recognized until 2006 (Hulot et al., 2006) , nearly a decade after its approval by the FDA. It was not until these and other data were published that the critical role of CYP2C19 in the bioactivation of clopidogrel was appreciated.
CYP2C19 contains a common loss of function polymorphism, called *2 (rs4244285, c.681G.A, p.P227P), which creates a cryptic splice site and premature stop codon 20 amino acids later (de Morais et al., 1994) , resulting in loss of function. Allele frequencies for this single nucleotide polymorphism (SNP) are approximately 0.12, 0.15, and up to 0.35 in those of European, African, and Asian ancestry, respectively. This means that 25-30% of those of European and African ancestry and up to 60% of Asians carry at least one loss of function *2 allele, which significantly impacts their ability to metabolize drugs via the CYP2C19 enzyme (Scott et al., 2012) . Other less frequent loss of function alleles include *3, *4, *5, *6, *7, and *8. Among these, *3 and *8 are the most frequent. Details of these and other genetic polymorphisms that influence metabolism via CYP2C19 are comprehensively reviewed in the PharmGKB very important pharmacogene CYP2C19 summary (Scott et al., 2012) . Collectively, these polymorphisms result in approximately 2-5% of European and African ancestry individuals and 15% of Asians being homozygous for a loss of function allele, categorized as poor metabolizers for CYP2C19, with an additional approximately 25-35% of whites and blacks and 45-50% of Asians who are heterozygous for loss of function alleles or intermediate metabolizers. Thus a large portion of the population has impaired capacity to metabolize via CYP2C19, which can have clinically important implications for certain drugs, including clopidogrel.
CYP2C19 also contains a promoter region polymorphism, called *17, which is also common in the population, with minor allele frequencies in European, African, and Asian populations of approximately 0.21, 0.16, and 0.03, respectively (Scott et al., 2012) . This SNP is located in a transcription factor binding site and has been associated with increased metabolism of a variety of CYP2C19 substrates (Sim et al., 2006; Baldwin et al., 2008; Rudberg et al., 2008) . As such it is considered a gain of function polymorphism. Although this polymorphism has detectable effects on pharmacokinetics of CYP2C19 substrates, the magnitude of effect is smaller than for the loss of function alleles, and the clinical implications of the *17 allele remain unclear (Li-Wan-Po et al., 2010) .
C. CYP2C19 and Clopidogrel Pharmacogenetics 1. Pharmacokinetics and Pharmacodynamics (Ex Vivo Platelet Reactivity) Data. The relationships between CYP2C19 genotype and pharmacokinetics, antiplatelet effect, and cardiovascular outcomes are comprehensively summarized in the clopidogrel CYP2C19 CPIC guidelines (Scott et al., 2012) . In 2006, the first evidence of the link between CYP2C19 genotype and clopidogrel efficacy emerged, with the publication of a small study in healthy volunteers that identified that CYP2C19 variant carriers (*2 or *3) had significantly less antiplatelet effect from clopidogrel as assessed by ex vivo platelet reactivity studies (Hulot et al., 2006) . Specifically, the individuals carrying a loss of function allele had significantly higher on-treatment platelet reactivity. This was followed by a series of additional healthy volunteer studies that confirmed the impact of CYP2C19 genotype on the antiplatelet effect and provided evidence for loss of function variant carriers having significantly lower plasma concentrations of the clopidogrel active metabolite (Brandt et al., 2007; Kim et al., 2008; Umemura et al., 2008) . Cardiovascular Pharmacogenetics and Personalized Medicine Numerous studies in patients with cardiovascular disease further documented that CYP2C19 loss of function carriers have reduced concentrations of active metabolite and less antiplatelet effect (Mega et al., 2009; Varenhorst et al., 2009; Collet et al., 2011; Hulot et al., 2011; Gong et al., 2012; Price et al., 2012) . As a result, there is little to no discrepancy in the literature regarding the impact of the CYP2C19 loss of function alleles on clopidogrel active metabolite concentrations or on-treatment platelet reactivity.
Whether the effect of genotype on active metabolite concentrations can be overcome with increased clopidogrel dosing has been the subject of several studies. The most informative of these was a study by Mega et al. (2011) in which they tested the effect of double, triple, and quadruple doses (150, 225, 300 mg daily, respectively) compared with usual doses (75 mg daily) in *1/*2 and *2/*2 individuals. Individuals with the *1/ *1 genotype were also included as the comparator group and treated with 75 mg and 150 mg daily, and all assessments were based on on-treatment platelet reactivity. The data from this study show that in all genotype groups, each dose increment leads to reduced platelet reactivity, yet for *2/*2 individuals even fourfold higher doses cannot generate an antiplatelet effect that matches what is achieved in *1/*1 individuals on 75 mg daily. This suggests that one cannot overcome the homozygous loss of function genotypes with increased dose. In contrast, for the heterozygotes (*1/*2), they found that 225 mg or 300 mg daily provided an antiplatelet effect similar to that achieved in *1/*1 individuals at the normal 75-mg dose. On the other hand, 150 mg daily was not enough to overcome the effect of the single loss of function allele. This is supported by other studies that suggest that 150 mg daily does not produce a sufficient antiplatelet effect in *2 carriers (Price et al., 2012) . Clinically, this means that tripling the dose for clopidogrel in those carrying a single loss of function allele may be a viable option. However, the data do not support dose escalation as a means of achieving sufficient platelet inhibition in homozygotes for loss of function alleles.
There are fewer data on the impact of CYP2C19*17 on active drug concentrations, although existing data supporting that *17 is associated with higher concentrations of active metabolites (Tiroch et al., 2010) . That the *17 allele is associated with increased CYP2C19 activity is further supported by a number of studies showing a gene-dose effect, with *17/*17 patients having the greatest antiplatelet effect (lowest ontreatment platelet reactivity), with intermediate effects for *1/*17 relative to *1/*1 Harmsze et al., 2012; Li et al., 2012) . A recent meta-analysis of *17 found that only 38% of *17 carriers have high on-treatment platelet reactivity compared with 51% of noncarriers (P = 0.0003) .
Overall, the data strongly support that CYP2C19 loss of function alleles lead to significantly lower active metabolite concentrations and reduced antiplatelet efficacy, whereas the *17 allele has the opposite effect, with higher active metabolite concentrations and greater antiplatelet effect. One area of debate is the effect when an individual is *2*17 or carries both a loss of function and gain of function allele. Two clopidogrel studies provide insight into this question based on platelet reactivity data. These studies both suggest that *2 has a much greater impact than *17, and so in individuals carrying one of each allele, the *2 allele predominates, such that the patient's antiplatelet response is likely to be similar to that of a patient who is *1*2 Harmsze et al., 2012) .
2. Clinical Outcomes Data. That CYP2C19 genotype might impact cardiovascular outcomes in patients treated with clopidogrel became evident in late 2008 with the simultaneous publication of two articles in the New England Journal of Medicine and one in Lancet (Collet et al., 2009; Mega et al., 2009; Simon et al., 2009 ). These articles indicated risk of major adverse cardiovascular events (MACE) (e.g., stent thrombosis, recurrent myocardial infarction, stroke, death) based on CYP2C19 loss of function genotype, with two of the articles suggesting risk in carriers of a single *2 (or other) allele, and the third suggesting the risk was confined to *2 homozygotes. A variety of additional articles also suggested marked risk for stent thrombosis in patients under percutaneous coronary intervention (PCI), with hazard ratios for stent thrombosis in many of the studies exceeding 3.0 (Sibbing et al., 2009; Collet et al., 2009; Mega et al., 2009; Simon et al., 2009) . Later in 2009, Shuldiner et al. (2009) published the first genome-wide association study (GWAS) with clopidogrel. They found that only the CYP2C19 genomic region achieved a genome-wide significant association with antiplatelet response. They further documented an association of CYP2C19 genotype with cardiovascular outcomes in patients treated with clopidogrel. On the basis of accumulating evidence relating CYP2C19 genotype to cardiovascular outcomes from these and other studies, in March 2010 the FDA issued a boxed warning about reduced clopidogrel efficacy based on CYP2C19 genotype, discussed in detail below.
After the publication of a relatively long string of articles that fairly consistently linked CYP2C19 genotype and cardiovascular outcomes, pharmacogenetic analyses of two clopidogrel clinical trials raised questions about the previous associations (Paré et al., 2010) .These analyses arose from the CURE and ACTIVE-A trials. CURE was a study of clopidogrel added to standard therapy in patients with non-ST segment elevation myocardial infarction (NSTEMI), in which the vast majority (80%) did not undergo PCI. Clopidogrel produced a 20% reduction in risk of MACE 994 and has since become standard therapy in this population (Yusuf et al., 2001 ). In the genetic subset from CURE, no evidence of an association between CYP2C19 genotype and cardiovascular outcomes was found (Paré et al., 2010) . ACTIVE-A was a study testing the efficacy of clopidogrel plus aspirin versus aspirin alone in patients with atrial fibrillation who could not tolerate warfarin (Connolly et al., 2006) . Superiority of warfarin compared with clopidogrel plus aspirin had been previously documented (Connolly et al., 2006) . In the primary trial, clopidogrel plus aspirin exhibited modest benefit (11% risk reduction) over aspirin and increased risk of bleeding (Connolly et al., 2009 ), although clopidogrel is not currently indicated in treatment of atrial fibrillation. In the genetic substudy, there was no evidence of an association between CYP2C19 genotype and cardiovascular outcomes (Paré et al., 2010) . The results from these studies challenged the earlier publications suggesting risk for reduced protection from MACE with clopidogrel based on genotype.
3. Meta-Analyses of CYP2C19 and Clopidogrel. a. CYP2C19 loss of function alleles. Accumulating evidence for CYP2C19 and clopidogrel, and some inconsistencies in study results, led to a series of metaanalyses since 2010. Meta-analyses published since 2010 are summarized in Table 2 (Hulot et al., 2010; Mega et al., 2010; Bauer et al., 2011; Holmes et al., 2011; Liu et al., 2011; Sofi et al., 2011; Li et al., 2012; Zabalza et al., 2012) . As is evident based on the samples sizes for the various meta-analyses, a variety of approaches have been taken in selection of studies to be included in the analysis. Some studies have focused on the published literature, whereas others have also used data in abstracts and public databases. Some have been focused on specific patient populations, whereas others have been broader in their inclusion. Additionally, different meta-analytic approaches have been taken.
In general the meta-analyses summarized in Table 2 provide insight in four areas: the impact of the *2 and other loss of function alleles on MACE, and on stent thrombosis, and the impact of the gain of functional *17 allele on MACE and bleeding.
The one area for which the data are highly consistent and considered indisputable is the risk for stent thrombosis in *2 carriers. Seven meta-analyses have analyzed stent thrombosis risk after PCI and all found a significant increased risk in *2 carriers, with hazard ratios ranging from 1.75 to 3.82, with a median hazard ratio of 2.58. Two of the meta-analyses provide data on *1*2 and *2*2 also, and in both of these cases, the risk in the homozygous loss of function patients is higher than in the heterozygotes, but the heterozygotes are also at significant risk. Collectively there appears to be little debate regarding the risk of stent thrombosis, an event associated with significant morbidity and mortality, in carriers of a CYP2C19 loss of function allele treated with clopidogrel. This suggests the potential clinical value for genotyping patients undergoing a PCI and considering alternative antiplatelet therapy in those carrying a *2 allele.
There is much greater heterogeneity across studies and the meta-analyses related to MACE in patients treated with clopidogrel. Among the seven metaanalyses summarized in Table 2 , all report point estimates greater than 1, ranging from 1.11 to 1.96 among *2 carriers, with a median of 1.26. However, in two of these the association was not statistically significant and many have argued that even if statistically significant, these effect sizes are not large enough to be of clinical relevance. Many of the metaanalyses report significant heterogeneity between the studies and/or suggest a small study bias whereby the smaller studies, mostly published earlier, revealed greater effect sizes than the larger studies (Hulot et al., 2010; Bauer et al., 2011; Holmes et al., 2011; Sofi et al., 2011; Zabalza et al., 2012) . This is in contrast to the analyses on stent thrombosis where in many analyses heterogeneity and small study bias appear to be absent. Thus, the interpretation by some is that there is no detectable impact of CYP2C19 genotype on cardiovascular outcomes (Nissen 2011) . Others, including many pharmacologists, have a slightly different interpretation of these data (Johnson et al., 2012b) . This interpretation relies on our understanding of the pharmacology and bioactivation of clopidogrel and magnitude of benefit. Specifically, there are clear data on the role of CYP2C19 on bioactivation of clopidogrel (vide supra), and if there are reduced concentrations of the active metabolite, then it follows that efficacy will be reduced. However, the magnitude of benefit of clopidogrel is variable across populations, and thus very large sample sizes would be needed to detect the impact of loss of function polymorphisms in a population where the magnitude of benefit is small. Specifically, clinical trial data suggest the greatest benefit of clopidogrel is in patients undergoing PCI, where such treatment is associated with 35-80% reductions in risk. In contrast, in lower risk CAD patients, such as those in the CURE trial described above, and where PCI was uncommon, clopidogrel was associated with only 20% risk reduction compared with placebo (Yusuf et al., 2001) . The atrial fibrillation population from ACTIVE-A obtained an 11% risk reduction with clopidogrel (Connolly et al., 2009) . Thus, it is not surprising that a reduction in clopidogrel active metabolite might have a difficult-to-detect effect in patient populations where the magnitude of benefit is small, but is more evident for the populations where the benefit is greatest. The greatest benefit of clopidogrel is likely during the first month after PCI, when risk for stent thrombosis is highest; thus it is not surprising that the impact of the loss of function polymorphisms is most evident for this outcome.
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On the basis of the above assessment, we have argued that the clinical relevance of CYP2C19 pharmacogenetics with clopidogrel is indication specific, meaning that the greatest clinical value of genetic testing is in patients undergoing PCI (Johnson et al., 2012b) . It is these patients who obtain the greatest benefit from treatment, who are at risk for stent thrombosis, and thus are at greatest risk from loss of CYP2C19 function. The consistency of the data for risk of stent thrombosis across all meta-analyses supports this view. In addition, if patients who are post-PCI are considered those of greatest clinical relevance for clopidogrel pharmacogenetics, the meta-analysis by Mega et al. (2010) is most useful. This is the only metaanalysis that focused on high-risk, aggressively managed patients, 91% of whom underwent a PCI. On the basis of the data from this meta-analysis, the risk of stent thrombosis with *2 is substantial, as in the other studies. However, the risk for MACE is also substantially increased among heterozygotes (hazard ratio of 1.55) and homozygotes (HR of 1.76) for carriers of a loss of function allele.
Collectively, the outcomes data for CYP2C19 loss of function alleles suggest there is substantial and clinically relevant risk for stent thrombosis and MACE after PCI. The clinical impact of the loss of function alleles is less evident and likely of smaller magnitude in those patients treated with clopidogrel for other indications.
b. CYP2C19 *17 (gain of function) allele. There is a smaller literature base for the *17 gain of function polymorphism than for the loss of function alleles, although it too has been evaluated in a number of studies and subject to meta-analyses. The *17 allele potentially represents the opposite of the loss of function alleles, namely the potential for greater generation of active metabolite, greater efficacy, and perhaps increased bleeding risk as a result of higher levels of active metabolite. As summarized in Table 2 , there are four meta-analyses focused on the *17 allele, with sample sizes in the 8000 to 12,000 range. Among these meta-analyses, three of the four suggest significantly more benefit in *17 than in non-*17 carriers, with average risk reduction of approximately 18%. Two of the meta-analyses evaluated bleeding risk, and both found approximately 25% increased risk of bleeding in *17 carriers.
Collectively, the data suggest statistically different efficacy and bleeding risk in carriers of the *17 allele. Whether these differences are clinically relevant could be debated. It is also important to note that attributable to linkage disequilibrium, the *17 and *2 variants reside on different alleles. As a result, it is possible that the literature on the *17 polymorphism is to some degree simply reflecting the impact of the absence of a *2 allele. Because the analyses to date for *17 do not control for the *2 allele, it is difficult to have clarity on this issue. It will be critical moving forward that 
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analyses focused on these two polymorphisms are done in a way that the alternate is a covariate in the analysis, so that the precise role, particularly for *17, is clearer.
D. Other Genes Associated with Clopidogrel Efficacy or Safety
1. PON1. In 2011, a high profile manuscript suggested that CYP enzymes did not play a major role in the bioactivation of clopidogrel, but rather the esterase paroxonase 1 (encoded by PON1) was the rate-limiting enzyme responsible for the conversion of 2-oxo-clopidogrel to the active metabolite . They additionally identified 41 cases of nonfatal stent thrombosis and 71 stent thrombosis-free controls from a large cohort of patients treated with PCI and found the functional, nonsynonymous Gln192Arg polymorphism was associated with clopidogrel-associated stent thrombosis, with the patients with a Gln192Gln polymorphism having a hazard ratio of 12.9 for risk of stent thrombosis versus patients with an Arg192Arg polymorphism. They further supported the clinical association in an independent cohort, where the hazard ratio for stent thrombosis was 10.6 for Gln192Gln patients. Taken together with previous findings, these data suggested perhaps there were two major genes influencing efficacy of clopidogrel.
However, numerous follow-up studies have provided essentially no support for this original publication. Specifically, numerous studies found no relationship between PON1 genotype and on-treatment platelet reactivity, including a meta-analysis that included 17 studies (Campo et al., 2011; Lewis et al., 2011; Trenk et al., 2011; Reny et al., 2012) . Likewise, numerous additional studies have found no link between stent thrombosis or cardiovascular events during clopidogrel treatment based on PON1 genotype, including a metaanalysis of 11 studies (Lewis et al., 2011; Simon et al., 2011; Trenk et al., 2011; Delaney et al., 2012; Pare et al., 2012; Reny et al., 2012) . Although it is difficult to explain the original compelling findings in the context of the multiple subsequent studies, the totality of the data does not support a role for the PON1 Gln192Arg polymorphism on the antiplatelet effect or cardiovascular outcomes associated with clopidogrel therapy.
2. ABCB1. ABCB1 encodes P-glycoprotein, an ATPbinding cassette (ABC) efflux transporter that plays an important role in the transport of many drugs. A synonymous polymorphism in the cytoplasmic loop of the transporter (c.3435 C.T) has been commonly studied, with noted, but inconsistent associations for many drugs. Early studies of this polymorphism in patients treated with clopidogrel suggested the T allele (particularly TT homozygotes) had lower active metabolite concentrations (Taubert et al., 2006) and an approximately 75% increased risk of MACE (Simon et al., 2009; Mega et al., 2010) . The influence of this genotype has therefore been tested in a variety of other studies and a recently published meta-analysis that focused on patients treated with clopidogrel for documented CAD, many of whom underwent PCI (Su et al., 2012) . On the basis of data from four studies with 358 patients, there was no association between high on-treatment platelet reactivity and ABCB1 genotype (OR 1.01; 95% CI 0.51-1.97). There was also no relationship with long-term MACE (after .1 year of treatment), with an OR 1.09 (95% CI 0.77-1.54). Evaluation of early cardiovascular events (within approximately 1 month) suggested potential increased risk in T allele carriers, with an OR of 1.48 (95% CI 1.06-2.06). However, stent thrombosis, myocardial infarction, stroke, all-cause mortality, and bleeding were not different by ABCB1 genotype. Although the number of studies and patients in each analysis was relatively small, overall the data do not provide a compelling argument for the influence of ABCB1 genotype on clopidogrel efficacy.
E. Clinical Implementation of Clopidogrel Pharmacogenetics
1. Drug Label Warnings. In March 2010, after the publication of a variety of studies suggesting risk based on CYP2C19 genotype, the FDA issued a boxed warning indicating potential for reduced efficacy (increased adverse cardiovascular outcomes) based on CYP2C19 genotype. Boxed warnings are the highest level of warning in the FDA-approved product label and are typically used to draw special attention of clinicians to issues of serious concern for the drug. The text of the clopidogrel boxed warning is shown in Table 3 . The warning is limited to "poor metabolizers" (i.e., patients homozygous for loss of function alleles, e.g., *2*2) and focuses on post-acute coronary syndrome and patients undergoing PCI. The boxed warning is silent on heterozygous loss of function carriers (e.g., *1*2), but as noted above, additional data published since the boxed warning was issued suggest risk for patients with this genotype post-PCI. The boxed warning provides guidance on the data, suggesting risk based on CYP2C19, but does not mandate genetic testing, is not specific on the exact patients who should be targeted for genetic testing, and is vague on alternative treatment approaches in poor metabolizers.
The EMA and PMDA also approved pharmacogeneticrelated labeling for clopidogrel. The EMA EPAR for clopidogrel states that CYP2C19 poor metabolizer status is associated with lower systemic exposure to the active metabolite of clopidogrel and a diminished antiplatelet response, which may manifest as higher cardiovascular event rates after myocardial infarction compared with the extensive metabolizer phenotype. The information in the PMDA-approved clopidogrel labeling is graded as level 5, meaning that it is for reference information only, Cardiovascular Pharmacogenetics and Personalized Medicine compared with the level 1 (e.g., boxed warfarin) information in the FDA-approved label.
2. Consensus Statements on CYP2C19 Genotyping and Clopidogrel. Shortly after release of the boxed warning on the clopidogrel label, the American Heart Association/American College of Cardiology Foundation issued a clinical alert to provide physicians with guidance on the necessity of genotyping for CYP2C19 in clopidogrel-treated patients (Holmes et al., 2010) . They expressed concerns about the lack of outcomes data documenting the benefit of routine genotyping and concluded the available literature did not support CYP2C19 genotyping for all patients being prescribed clopidogrel. They did, however, acknowledge the potential benefit for genotyping in patients at high risk for poor outcomes after PCI, such as patients with diabetes and patients with complex atherosclerotic disease. When CYP2C19 genotype is determined, alternative therapy is recommended in those with loss of function genotypes. They also suggested the potential role for platelet reactivity testing but acknowledge the role for platelet reactivity testing and genotyping, alone or in combination, requires further study.
Recent treatment guidelines for patients with acute coronary syndrome, those undergoing PCI, and those with non-ST segment elevation myocardial infarction (NSTEMI) or unstable angina have all commented on the role of CYP2C19 genotyping. In general, their recommendations are consistent with the original American Heart Association/American College of Cardiology Foundation Clinical Alert in that they recommend against mandatory or routine genetic testing in all patients being considered for treatment with clopidogrel Levine et al., 2011; Wright et al., 2011) . The PCI guidelines suggest genotyping may be appropriate in patients at high risk for whom inadequate platelet inhibition with clopidogrel would increase the likelihood for poor clinical outcomes. Consistent with the literature, the NSTEMI/unstable angina guidelines are more negative regarding potential use of genotyping in this group of patients.
The CPIC and Dutch Pharmacogenetics Working Group (DPWG) have also published guidelines on clopidogrel pharmacogenetics. The guidelines above focus primarily on whether or when pharmacogenetic testing should be ordered and what decisions might be made based on the genotype. CPIC and DPWG guidelines have a slightly different focus; they do not specifically comment on whether the pharmacogenetic test should be ordered, but rather comment on whether the level of evidence is sufficiently strong to let the genetic information, if available, guide the approach to treatment. The CPIC guidelines recommend that in patients with acute coronary syndromes or PCI, CYP2C19 genotype can be used to guide therapy, with alternative antiplatelet therapy recommended as a strong recommendation in loss of function homozygotes and a moderate recommendation for heterozygotes. They suggest that if one is considering whether to genotype, consideration could be given to testing all patients undergoing PCI or focusing only on those at high risk for poor outcomes post-PCI. Similarly, the DPWG recommends considering an alternative drug, such as prasugrel, for individuals with a CYP2C19*2 or *3 allele.
Collectively the guidelines all suggest that it is reasonable to consider CYP2C19 genotyping in patients at high risk for poor outcomes after PCI and that alternative antiplatelet therapy should be considered in those for whom the genotype poses potential risk for reduced antiplatelet efficacy. There is generally agreement that, at present, genotyping should not be mandated and cannot be recommended for routine use in patients at lower risk, such as those without PCI. This approach reduces the population size in whom clopidogrel can be guided by genotype but balances the use of these data in the populations likely to derive the greatest benefit from genotype data against the lack of evidence to support such an approach in patients at lower risk. Ongoing clinical trials should help further clarify the precise patient populations in whom CYP2C19 genotyping is most appropriate to guide treatment decisions with clopidogrel.
3. Examples of CYP2C19 Clopidogrel Pharmacogenetic Clinical Implementation. On the basis of the available data, some centers have elected to begin genotyping CYP2C19 in the clinical setting. Scripps Health may have been the first medical center to make CYP2C19 genotyping routinely available for those patients undergoing PCI when they launched their initiative in October 2009 (http://www.scripps.org/ news_items/3521-scripps-becomes-first-in-u-s-to-offergenetic-tests-to-stent-patients). The genotype test was made available as a clinical laboratory test that could be ordered by physicians. • Effectiveness of Plavix depends on activation to an active metabolite by the cytochrome P450 (CYP) system, principally CYP2C19.
• Poor metabolizers treated with Plavix at recommended doses exhibit higher cardiovascular event rates after acute coronary syndrome (ACS) or percutaneous coronary intervention (PCI) than patients with normal CYP2C19 function.
• Tests are available to identify a patient's CYP2C19 genotype and can be used as an aid in determining therapeutic strategy.
• Consider alternative treatment or treatment strategies in patients identified as CYP2C19 poor metabolizers.
In September 2010, the Vanderbilt University Medical Center initiated their Pharmacogenomic Resource for Enhanced Decisions in Care and Treatment program, which is a pre-emptive, chip-based pharmacogenetics program initially targeted at patients in the cardiac catheterization laboratory who may require clopidogrel therapy . As of November 2012, over 10,000 patients had been genotyped on the preemptive genotyping chip (D. Roden, personal communication), some of whom had their clopidogrel therapy altered based on being heterozygous or homozygous for loss of function CYP2C19 alleles.
The University of Florida initiated a preemptive chip-based program similar to that at Vanderbilt in June 2012 (Johnson et al., 2012a) , with the early focus on patients in the cardiac catheterization laboratory who might require clopidogrel. The pharmacogenetic test is part of the standard order set for patients undergoing cardiac catheterization, indicating the physician decision to consider CYP2C19 genotyping a standard approach to these patients.
These examples highlight the clinical implementation of clopidogrel pharmacogenetics, which are consistent with the guidelines in focusing on those with clopidogrel treatment post-PCI. Other institutions are adopting similar approaches, and at some centers CYP2C19 genotyping for post-PCI clopidogrel is becoming a standard of care.
IV. Warfarin Pharmacogenetics
A. Warfarin Shortcomings
Even with the recent approval of newer agents, warfarin remains the mainstay therapy for oral anticoagulation, accounting for an estimated 1.6 million treatment visits and over $144 million in expenditures in the United States in the fourth quarter of 2011 (Kirley et al., 2012) . Warfarin also remains one of the most challenging medications to manage despite over 60 years of experience with the drug. In fact, warfarin currently ranks as the leading drug-related cause of serious adverse events leading to hospitalization in the United States (Budnitz et al., 2011) . Challenges with warfarin stem from its narrow therapeutic index, wide interpatient variability in the dose required to achieve optimal anticoagulation, and numerous drug and food interactions.
Warfarin is dosed to achieve an international normalized ratio (INR) of 2 to 3 for most indications. The dose required to obtain therapeutic anticoagulation varies among patients from as little as 0.5 mg/day to as much as 10 mg/day or higher (Wadelius et al., 2009) . Inappropriate dosing increases the risk for warfarin-related adverse sequelae. In particular, when the INR exceeds 4 or falls below 1.5, the patient is at increased risk for bleeding and thromboembolic complications, respectively. These risks are highest during the initial months of warfarin therapy (Hylek et al., 2003 (Hylek et al., , 2007 . Although clinical factors contribute to warfarin response, they account for only about 15 to 20% of the interpatient variability in dose requirements and are usually insufficient in themselves to accurately predict the therapeutic dose .
B. Genetic Contributions to Warfarin Response
Both candidate gene and GWAS data over the past 10 years have clearly shown that genotype contributes to the interpatient variability in warfarin dose requirements (Aithal et al., 1999; Scordo et al., 2002; Rieder et al., 2005; Aquilante et al., 2006; Cooper et al., 2008; Takeuchi et al., 2009; Cha et al., 2010) . CYP2C9 and VKORC1, which encode for vitamin K epoxide reductase complex 1, are the major genes influencing warfarin pharmacokinetics and pharmacodynamics, respectively (Fig. 2) . The CYP2C9 enzyme metabolizes the more potent S-enantiomer of warfarin to the inactive 7-hydroxy warfarin protein, whereas VKORC1 is the target protein of warfarin, responsible for converting vitamin K epoxide to its reduced form, which is an essential cofactor in carboxylation and activation of clotting factors II, VII, IX, and X. The CYP4F2 gene, which encodes a vitamin K oxidase, also influences warfarin pharmacodynamics and dose requirements, but to a lesser extent. Although the majority of warfarin pharmacogenetic data is in the adult population, recent evidence supports a major influence of CYP2C9 and VKORC1 genotypes on warfarin dose requirements in children as well (Biss et al., 2012) .
1. CYP2C9. There are over 35 CYP2C9 alleles, of which the CYP2C9*2 and *3 alleles are most Fig. 2 . Warfarin pharmacokinetic and pharmacodynamic pathway. CYP2C9, cytochrome P450 2C9, metabolizes the more potent Senantiomer of warfarin; VKORC1, vitamin K epoxide reductase complex 1, target site for warfarin; CYP4F2, cytochrome P450 4F2, metabolizes vitamin K. The genes for proteins shown in boxes are the primary genes influencing warfarin dose requirements. Cardiovascular Pharmacogenetics and Personalized Medicine extensively studied and result from nonsynonymous SNPs in the gene's coding region that are important for enzyme activity (Table 4) (Crespi and Miller, 1997; Ieiri et al., 2000) . S-warfarin clearance is reduced by approximately 40% with CYPC9*2 and 75% with CYP2C9*3 (Takahashi et al., 1998; Scordo et al., 2002) . Accordingly, warfarin dose requirements are approximately 20% lower with the CYP2C9*1/*2 genotype and 35% lower with the CYP2C9*1/*3 genotype compared with the CYP2C9*1/*1 genotype ). Doses of 1 mg/d or lower may be necessary in patients with the CYP2C9*3/*3 genotype to prevent over-anticoagulation and bleeding.
CYP2C9 allele frequencies differ by ancestry, with the CYP2C9*2 and *3 alleles occurring much more commonly among those of European versus African descent (Table 4 ). The CYP2C9*5, *6, *8, and *11 alleles predominate among those of African ancestry, with the *8 allele being the most common (Scott et al., 2009; Perera et al., 2011) . Decreased S-warfarin clearance and lower warfarin dose requirements have been reported with these alleles (Dickmann et al., 2001; Tai et al., 2005; Limdi et al., 2008a; Perera et al., 2011; Liu et al., 2012) . Overall, CYP2C9 genotype explains approximately 7 to 10% of the interpatient variability in warfarin dose requirements (Aquilante et al., 2006; Cavallari et al., 2010) .
CYP2C9 variant alleles are also associated with an increased risk for over-anticoagulation and bleeding during warfarin therapy (Aithal et al., 1999; Limdi et al., 2008b) . The risk for bleeding attributable to CYP2C9 polymorphism is highest during the initial months of warfarin therapy. However, there is evidence that it persists during chronic therapy, suggesting a need for close monitoring for signs and symptoms of bleeding throughout warfarin therapy for carriers of a variant CYP2C9 allele (Limdi et al., 2008b) .
2. VKORC1. Nonsynonymous variants in the VKORC1 coding region lead to warfarin resistance, where very high doses (e.g., .20 mg/day) are necessary to obtain therapeutic anticoagulation (Rost et al., 2004) . Warfarin resistance variants are rare in most populations, with the exception of the Ashkenazi Jewish population, in whom the p.Asp36Try variant occurs at a prevalence of approximately 8% (Scott et al., 2008) . There are also two common SNPs located in the gene regulatory regions, c.21639G.A and c.1173C.T, that contribute to the interpatient variability in dose observed in the general population of warfarin-treated patients. It is unclear if just one or both of these SNPs is functional (Wang et al., 2008) . However, 21639G.A and 1173C.T occur in near complete linkage disequilibrium across populations, and thus, either may be considered for warfarin dose prediction (Limdi et al., 2010) . The 21639AA, AG, and GG genotypes (or 1173TT, CT, and CC genotypes) are associated with high, intermediate, and low sensitivity to warfarin, respectively. Thus, compared with the 21639AG genotype, higher warfarin doses are needed with the GG genotype to effectively inhibit vitamin K reduction and subsequent clotting factor activation, whereas lower doses are needed with the AA genotype. The 21639A allele frequency varies by ancestry, as shown in Table 4 , which largely explains differences in warfarin dose requirements between African, European, and Asian populations. Specifically, African populations have a higher frequency of the low sensitivity GG genotype and generally require higher doses than those of European descent, who have a high frequency of the intermediate sensitivity AG genotype. Asians have a high frequency of the high sensitivity AA genotype and usually require very low doses of warfarin. The VKORC1 21639G.A variant explains approximately 20 to 25% of the dose variability in Europeans and Asians, but only 5 to 7% in African Americans (Aquilante et al., 2006; Cavallari et al., 2010; Limdi et al., 2010) . The lesser variability explained in African Americans is primarily attributable to the lower 21639A allele frequency in this group (Limdi et al., 2010) . Nonetheless, persons of African descent derive a similar benefit from genotype-guided warfarin dosing as others. Recent evidence suggests that an additional VKORC1 variant may further contribute to warfarin dose variability in African Americans (Perera et al., 2011) .
3. CYP4F2. CYP4F2 metabolizes vitamin K to hydroxyl-vitamin K, resulting in less vitamin K available for clotting factor activation. The activity of CYP4F2 is reduced in individuals with the CYP4F2 p.Val433Met SNP (rs2108622, c.1297G.A), resulting in reduced vitamin K metabolism and greater vitamin K availability (McDonald et al., 2009) . Studies in both Caucasians and Asians have shown higher warfarin dose requirements with the Met433Met genotype (Caldwell et al., 2008; Cha et al., 2010; Sagreiya et al., 2010; Gong et al., 2011; Wei et al., 2012) . In a GWAS done in European and Asian populations, CYP4F2 emerges as a predictor of warfarin dose after controlling   TABLE 4 Reported prevalence of CYP2C9 and VKORC1 gene polymorphisms by ancestry (Limdi et al., 2008a,b; Cavallari et al., 2010; Limdi et al., 2010; Chan et al., 2012a) Allele Prevalence* European African Asian for CYP2C9 and VKORC1, explaining an additional 1 to 3% of the overall variability in warfarin dose requirements (Takeuchi et al., 2009; Cha et al., 2010) .
C. Clinical Utility Data
Early clinical trials evaluating outcomes with genotype-guided warfarin dosing yielded inconsistent results (Anderson et al., 2007; Caraco et al., 2008; Burmester et al., 2011) . However, these trials were limited by their small sample size, with each including fewer than 250 patients. Several larger multicenter, randomized, clinical trials assessing whether genotypeguided warfarin dosing is superior to traditional dosing are underway in the United States and Europe. Perhaps the most anticipated of these is the Clarification of Optimal Anticoagulation through Genetics (COAG) trial, in which over 1200 patients are being randomized to either a genotype-guided or clinicalguided warfarin dosing strategy (French et al., 2010) . The study is planned for completion in 2013.
While we await the results of ongoing clinical trials, data from two large comparative effectiveness studies are available to support genotype-guided warfarin therapy. In the first study, nearly 900 patients starting warfarin therapy were offered free CYP2C9 and VKORC1 genotyping, with results provided to their physician with an interpretive report, and outcomes were compared with those from 2688 historical controls (Epstein et al., 2010) . During the initial 6 months of warfarin therapy, patients who underwent genotyping had 31% fewer hospitalizations for any cause and 28% fewer hospitalizations for bleeding or thromboembolism compared with controls. More recently, the CoumaGen-II study compared genotype-guided warfarin dosing using one of two pharmacogenetic dosing algorithms in 504 total patients to standard dosing in a parallel control group (n = 1911) (Anderson et al., 2012) . Patients in the genotype-guided arm were rapidly genotyped for CYP2C9 and VKORC1 variants, with results available to inform the first dose. The investigators reported that genotype-guided therapy, regardless of the algorithm used, was superior to standard dosing in reducing the percent of out-ofrange INRs and the percent of INRs $ 4 or # 1.5 at 3 months. The number of INR measurements was similar between groups, suggesting that the improvement in anticoagulation control in the genotype-guided group was not secondary to more intensive monitoring. There were also fewer serious adverse events, including hemorrhagic events, thromboembolic events, and death, at 3 months with genotype-guided therapy.
D. Clinical Implementation of Warfarin Pharmacogenetics
1. Warfarin Labeling. In August 2007, the FDA approved the addition of pharmacogenetic data to the warfarin labeling. The label states that lower doses "should be considered for patients with certain genetic variations in CYP2C9 and VKORC1 enzymes." The warfarin labeling was further revised in January 2010 to include a dosing table based on CYP2C9 and VKORC1 genotypes (Table 5 ). The table may be used as a quick guide for clinicians to dose warfarin when genotype is available, realizing that clinical factors still need to be taken into account. Pharmacogenetic information is also included in the warfarin labeling approved by the PMDA in Japan and by regulatory body in Taiwan.
2. CPIC Guidelines. Guidelines from expert consensus groups, including the American College of Chest Physicians and the American College of Medical Genetics, currently recommended against routine use of genetic testing to guide warfarin dosing (Flockhart et al., 2008; Guyatt et al., 2012) . These groups traditionally rely on evidence from randomized, controlled clinical trials to guide therapy, and thus, their stances on warfarin genetic testing are not especially surprising. While we await results from ongoing clinical trials, CPIC guidelines are available to assist with genotype-guided warfarin dosing (Johnson et al., 2011b) . These guidelines do not address when or who to genotype, leaving this to the discretion of the clinician. Rather they strongly endorse the use of genetic information to guide warfarin dosing when such information is available and provide guidance on how to interpret and apply such information. The guidelines recommend using one of two published dosing algorithms Klein et al., 2009 ) to guide dosing decisions. Both algorithms were derived from large patient populations, account for both clinical and genetic factors, and are freely available at www.warfarindosing.org. Furthermore, both algorithms were shown to more accurately predict warfarin dose than other methods, including use of the table in the warfarin labeling (Finkelman, Gage et al., 2011) . The algorithm by Gage et al. (2008) allows for refinement of dose estimation based on INR response to initial warfarin doses. In the event that computer access is unavailable, the pharmacogenetic table in the FDA-approved warfarin label may serve as an alternative guide to dosing.
3. Implementation in Clinical Practice. Although translation of warfarin pharmacogenetics into clinical practice has been slow to arrive, examples of such are (Hostettler, 2012) . Genotypes are targeted to be available within 24 hours of the initial warfarin dose so that they may inform subsequent dosing. Residency-trained pharmacy fellows provide warfarin dosing recommendations, with dosing oversight provided by more senior clinical pharmacists with expertise in warfarin pharmacogenetics, and medical oversight provided by attending physicians from either the cardiology or hematology service.
As part of the Pharmacogenomic Resource for Enhanced Decisions in Care and Treatment program (Lieb et al., 2012) , Vanderbilt University recently began utilizing chip-based genotype data on relevant warfarin pharmacogenetic genes to guide warfarin dosing in their patients. Likewise, the University of Florida is genotyping patients who provide consent for a broad array of variants across the genome that may be used to inform use of a number of drugs, including warfarin, in the future. CYP2C9, VKORC1, and CYP4F2 are included on their personalized medicine custom array (Johnson et al., 2012a) and expect to clinically implement warfarin pharmacogenetics in the near future.
V. Statin Pharmacogenetics
A. SLCO1B1 and Statin-Induced Myopathy. A number of large randomized controlled trials have demonstrated significant reductions in coronary events and stroke with statin therapy for both primary and secondary prevention of cardiovascular disease (Baigent et al., 2005) . Thus, statins are among the most widely prescribed medications and are generally safe and well tolerated. Myopathy is the most common side effect, with symptoms ranging from mild myalgias without creatine kinase (CK) elevation to life-threatening rhabdomyolysis with markedly elevated CK levels, muscle damage, and acute renal injury. Although mild myalgias may not result in any physical harm, they threaten patient adherence to statin therapy. The incidence of statin-associated myopathy was reportedly between 1 and 5% in clinical trials, with a higher incidence observed in clinical practice (Thompson et al., 2003; Bruckert et al., 2005) .
The risk for statin-induced myopathy is greater with higher statin doses or inhibition of statin metabolism or clearance secondary to drug interactions or decreased hepatic or renal function (Thompson et al., 2003) .There is also a heritable component to the risk for statin-induced myopathy. The strongest data in this regard exist for the solute carrier organic anion transporter family, member 1B1 (SLCO1B1) gene. This gene encodes the organic anion transporting polypeptide 1B1, which transports most statins, with the exception of fluvastatin, to the liver. The SLCO1B1 genotype was identified as a risk factor for statininduced myopathy in a GWAS of DNA samples from the Study of the Effectiveness of Additional Reductions in Cholesterol and Homocysteine trial, in which participants received low (20 mg/day) or high (80 mg/ day) simvastatin after myocardial infarction (Link et al., 2008) . Of more than 300,000 variants interrogated in 85 patients with myopathy confirmed via evidence of CK elevation, and in 90 patients without myopathy during high-dose simvastatin therapy, the only variant to reach genome-wide significance for association with statin-induced myopathy was the noncoding rs4363657 variant on chromosome 12. This SNP is in near complete linkage disequilibrium with the c.521T.C (rs4149056, p.Val174Ala) SNP. The odds of myopathy were 4.5-fold greater with a single 521C allele and nearly 17-fold greater with the CC versus TT genotype. In a replication cohort consisting of patients treated with simvastatin 40 mg/day as part of the Heart Protection Study, the 521T . CSNP remained associated with statin-induced myopathy, with a relative risk of 2.6 per C allele. The heterozygous 521CT genotype is present in 11 to 36% of individuals, whereas the CC genotype occurs in up to 6% of individuals.
The SLCO1B1 521C allele is contained within the SLCO1B1*5 haplotype, which has been associated with reduced organic anion transporting polypeptide 1B1 activity and increased statin plasma concentrations (Kameyama et al., 2005; Pasanen et al., 2007) . Consistent with previous data, among over 500 patients receiving atorvastatin, simvastatin, or pravastatin, the SLCO1B1*5 allele was associated with an increased risk for adverse statin-induced effects, defined as statin discontinuation for any side effect, myalgia, or CK greater than three times the upper limit of normal (Voora et al., 2009) . Additional studies have confirmed the association between the SLCO1B1*5 allele and statin-induced myopathy, with the effects conferred by SLCO1B1 genotype appearing to be greatest with simvastatin (Donnelly et al., 2011; Brunham et al., 2012) . The effect of SLCO1B1 genotype on statin-induced LDL-cholesterol reduction has also been examined, and although associated with cholesterol reduction with simvastatin and rosuvastatin the effect size was small (Akao et al., 2012; Chasman et al., 2012; Hopewell et al., 2013) . Results from an additional study suggest that the effect size with the SLCO1B1 genotype may be greater among older persons (Akao et al., 2012) . Nonetheless, the clinical utility of the SLCO1B1 genotype is limited to predicting myopathy risk at this time.
With the goal of reducing myopathy and optimizing patient adherence, the CPIC recently published guidelines addressing statin use when SLCO1B1 genotype is known (Wilke et al., 2012) . These recommendations are limited to simvastatin, for which the strongest data are available. Similar to other CPIC guidelines, they do not make recommendation for when or who to genotype, but rather provide guidance on how to act on available genotype information. Consistent with the FDAapproved labeling, the guidelines recommend avoiding the 80 mg/day simvastatin dose regardless of genotype. An exception to this may be a patient with the 521TT genotype and a history of tolerating the 80 mg/day dose. Otherwise, in patients with the 521TT genotype, a maximum dose of 40 mg daily is recommended. The data suggest that the relative risk for myopathy with the 40 mg/day dose is approximately 2.5 per C allele (Link et al., 2008) . Thus, for patients with the 521CT and 521CC genotypes, the risk of myopathy is such that the guidelines recommend no greater than a 20 mg daily dose or an alternative statin. If the cholesterol goals are not achieved with the genotype-guided maximum recommended simvastatin, alternative therapy is recommended. The guidelines also recommend considering use of routine CK surveillance in patients with the CT or CC genotype at the 20-mg and particularly 40-mg dose to screen for serious myopathies.
Vanderbilt University is an example of an institution where SLCO1B1 genotyping has been implemented into clinical practice (Lieb et al., 2012) . Patients with risk factors for cardiovascular disease who may need statin therapy in the future are genotyped for SLCO1B1 521T.C preemptively, and results are placed in the electronic health record. An electronic order for simvastatin will trigger an electronic alert to warn about the increased risk for myopathy in patients with the CC or CT genotype.
B. Controversy with KIF6 Genotype. In contrast to SLCO1B1, which has primarily been examined in relation to statin safety, the gene for kinesin-like protein 6 (KIF6), a protein involved in intracellular transport, has been extensively assessed in regard to statin efficacy. Initial genetic substudies of two large, randomized, placebo-controlled trials with statins found an association between the KIF6 p.Trp719Arg (rs20455, c.2155T.C) polymorphism and clinical outcomes with statin therapy, with carriers of the 719Arg allele having greater reduction in clinical events compared with noncarriers. Specifically, among participants receiving placebo in the secondary prevention Cholesterol and Recurrent Events trial and the primary prevention West of Scotland Coronary Prevention Study, the 719Arg allele was associated with an increased risk for cardiovascular events, defined as recurrent myocardial infarction in Cholesterol and Recurrent Events and coronary heart disease in West of Scotland Coronary Prevention Study (Iakoubova et al., 2008b) . Carriers of the 719Arg allele appeared to derive greater benefit from pravastatin compared with noncarriers. Similar findings were observed in a separate trial of patients with vascular disease (Iakoubova et al., 2010) . In a third genetic substudy, investigators reported a greater reduction in coronary events with intensive statin therapy (atorvastatin 80 mg/day) in 719Arg carriers compared with noncarriers (Iakoubova et al., 2008a) . On the basis of these data, a commercially available KIF6 genotyping assay was developed and marketed to predict risk for cardiac events and response to statins.
However, subsequent substudies of other large, randomized, placebo-controlled trials with atorvastatin, rosuvastatin, and simvastatin revealed no association between KIF6 genotype and either risk for coronary events or response to statins, leading clinicians and scientists to question the appropriateness of using KIF6 genotype to guide statin therapy (Hopewell et al., 2011; Ridker et al., 2011; Arsenault et al., 2012) . For example, in a large primary prevention study of subjects with a baseline LDL cholesterol ,130 mg/dl but elevated high-sensitivity C-reactive protein (a purported marker for increased cardiovascular disease), KIF6 genotype had no impact on the reduction in risk for major vascular events with rosuvastatin (Ridker et al., 2011) . Similarly, KIF6 genotype had no effect on outcomes with high dose atorvastatin in patients with stable cardiovascular disease (Arsenault et al., 2012) or with simvastatin in patients with or at risk for vascular disease (Hopewell et al., 2011) . Inconsistent findings among studies have generated considerable controversy regarding the clinical utility of KIF6 testing. For all the examples discussed in this review, the functional basis and biologic relevance of the encoded protein and the SNP are well understood. This is not the case for KIF6. The questionable biologic plausibility for the association between KIF6 and statin response in the face of similar reductions in LDL cholesterol with statin therapy in 719Arg carriers and noncarriers have contributed to this controversy. Similar to other large meta-analyses, a recent meta-analysis of 37 case-control, prospective cohort or randomized studies including data from over 144,000 patients found no association between KIF6 genotype and risk for cardiovascular disease (Ference et al., 2011) . However, among patients with higher baseline LDL cholesterol, the 719Arg allele reportedly conferred both an increased risk for cardiovascular disease and greater reduction in cardiovascular disease risk per unit reduction in LDL cholesterol with statin therapy. The investigators concluded that the 719Arg allele may increase vulnerability to LDL cholesterol, thus influencing clinical benefit with LDL reduction. Nonetheless, until this is confirmed, the clinical utility of using KIF6 genotype as a marker of statin efficacy remains questionable.
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C. Other Genes Linked to Statin Response. A number of plausible candidate genes have been examined for their role in mediating statin response. These include the genes encoding 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the target protein of statins; apolipoprotein E (APOE), which transports cholesterol through the bloodstream; and the LDLR gene encoding the LDL receptor. In addition, the ABCG2, which is involved in the disposition of rosuvastatin, has been linked to LDL-cholesterol response to rosuvastatin (Tomlinson et al., 2010; Chasman et al., 2012) . The loci for the HMGCR, APOE, and LDLR genes were associated with LDL-cholesterol levels in a GWAS (Trompet et al., 2011) , and additional candidate gene or whole genome studies have shown all three genes to influence statin-induced reductions in LDL cholesterol (Andriani et al., 1990; Willer et al., 2008; Thompson et al., 2009; Hopewell et al., 2013) . However, effect sizes were small, and in one GWAS, associations could not be replicated (Hopewell et al., 2013) . The APOE gene was also associated with clinical outcomes with simvastatin in myocardial infarction survivors (Gerdes et al., 2000) ; however, the gene's association with statin-mediated outcomes has not been consistently replicated (Shiffman et al., 2012) . A recent GWAS of samples from three large randomized placebo-controlled trials of pravastatin therapy revealed a SNP in the DnaJ homolog subfamily C member 5B (DNAJC5B) that was associated with reduction in coronary heart disease events with pravastatin (Shiffman et al., 2012) . The functional role of DnaJ in modulating outcomes with statin therapy remains to be determined, and its association with statin response requires validation before it can be considered as a clinical marker of statin response. Although these data are interesting, they require further replication and evaluation to know if they will be of clinical utility in the future. That the effect sizes with these associations tend to be relatively small and that LDL cholesterol response can easily be measured may limit clinical utility of most markers associated with LDL cholesterol lowering with statins.
VI. Other Examples in Cardiovascular Pharmacogenetics
A. b-Blockers. The data on clopidogrel, warfarin, and simvastatin have been judged to be sufficiently robust, well replicated, and clinically meaningful that there are now examples of clinical utilization of pharmacogenetic data to guide therapy for all of these drugs. In this review we focused on those examples with clinical utility. The other cardiovascular drug class that may be closest to clinical utility of pharmacogenetics is the b-blockers. As with the examples above, the strongest data on b-blocker pharmacogenetics arise from known functional polymorphisms.
The two of the most commonly used b-blockers in heart failure, metoprolol and carvedilol, both undergo substantial metabolism by the highly polymorphic CYP2D6 enzyme, whose gene contains loss of function, deletion, and duplication polymorphisms. The pharmacokinetics of these drugs are clearly affected based on CYP2D6 genotype; however, there is less evidence for differences in efficacy or side effects (Fukami et al., 2004; Terra et al., 2005b; Dorn, 2009; Shin and Johnson 2010; Lu 2011; Chan et al., 2012b) . This is most likely attributed to the fact that patients on b-blockers typically undergo dose titration to a heart rate ,60 beats/min, thus minimizing the impact of pharmacokinetic differences.
There are also a number of studies suggesting functional polymorphisms in adrenergic receptor signaling genes are associated with differential response to b-blockers, particularly in hypertension and heart failure. The genes with the strongest data are ADRB1A DRA2C, GRK5, and GRK4 (Johnson et al., 2003; Mialet Perez et al., 2003; Terra et al., 2005a; Liggett et al., 2006; Lobmeyer et al., 2007; Pacanowski et al., 2008; O'Connor et al., 2012b; Vandell et al., 2012) . These data suggest differential responses to b-blockers by genotype that include blood pressure response, improvement in left ventricular ejection fraction, and survival differences in hypertension and heart failure. These data were reviewed in detail recently, and the reader is referred there for more information (Johnson and Liggett, 2011) . It is of interest to note that based on ADRB1 genotype associations with outcomes in heart failure with the b-blocker bucindolol, a pharmaceutical company is currently undertaking a genotypetargeted clinical trial, enrolling only those patients with ADRB1 Arg389Arg genotype in a comparative trial with controlled/extended release metoprolol (http://phx.corporate-ir.net/phoenix.zhtml?c=109749& p=irol-newsArticle&ID=1427666&highlight=; Retrieved 9 March 2011).
Thus, although the pharmacogenetic data for b-blockers have not yet arisen to the point of clinical utility, they are almost certainly the next closest examples among the cardiovascular drugs.
B. Other Cardiovascular Drugs. Other cardiovascular drugs have been studied, including angiotensinconverting enzyme inhibitors, angiotensin receptor blockers, antiarrhythmic drugs, aspirin, and drugs causing long QT syndrome, but in general the associations have only been tested in a single study or there have been inconsistencies across studies (Sasaki, 1996; Johnson et al., 2011a; Lu, 2011; Roden et al., 2011; Chan et al., 2012b; Talameh et al., 2012) . It remains unclear whether genetics contributes less to the response to these drugs or whether the right studies, or sufficiently large studies, have just not been conducted.
Insights might also arise from pharmacogenetics studies for new cardiovascular drugs. For example, data were recently published for the new oral anticoagulant dabigatran, which showed that a polymorphism in CES1 was significantly associated with bleeding risk (Paré et al., 2013) . These data arose from a GWAS and highlight that we may continue to uncover new understanding based on pharmacogenetic data, and these data might someday be of clinical utility.
VII. Summary
At the turn of the new millennium there were very little to almost no data on the pharmacogenetics of cardiovascular drugs, and with the exception of the first warfarin pharmacogenetics study, all the data highlighted above for clopidogrel, warfarin, statins, and b-blockers have all arisen since 2000. In that time frame, the data for clopidogrel, warfarin, and simvastatin have become sufficiently robust that there is now limited utilization of genetic information to guide their use clinically. Many barriers yet remain to the clinical implementation of pharmacogenetics for cardiovascular drugs; yet if one considers the knowledge advances that have been made in the last 10-12 years, it is exciting to think about where we will be in the coming decade. It is also apparent that the genome might just be the tip of the iceberg for understanding variable drug response, because epigenetics, transcriptomics, and metabolomics also are likely important and are more strongly affected by environmental and other factors that can change over a person's life span. That there is much more to learn and apply to personalized approaches to care is clear, but genetics represents a tool that in certain situations, such as the ones described above, can be used now.
Costs of genotyping have plummeted, such that it is now possible to sequence a human genome for under $1000. On the basis of these technological advances, it is expected that genetic data will increasingly be available on patients to guide their clinical care. There are many additional barriers to this within the healthcare system and for society, but for such advances to occur, we must continue to work to understand the genetic influences on drug response and to define those examples where the genetic associations are sufficiently robust and clinically meaningful to warrant their use to guide treatment decisions.
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